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This paper presents the results of drop-weight impact (5 Je150 J), quasi-static indentation, and post-
impact internal pressure testing of a ±55�, filament-wound, glass fibre reinforced epoxy (GRE) pipe.
The void content in the tested pipes was quantified by optical and stereo microscopy image analysis and
ranged from 5% to approximately 13%. The void content was found not to influence the damage area, or
the observed damage mechanisms, following impact loading. However, the void content was found to
greatly affect the damage tolerance of the pipe during the pressure testing following an impact. It is
established that impact damage area alone is not enough to determine the reduction in pipe failure
performance under internal pressure. After impacts at low energies, a number of the tested pipes sur-
passed the operating pressure of the pipe during pressurisation (no leakage occurred). In these instances,
an industry accepted regression gradient was used to determine the pipe's residual life, which estimated
the reduction in service life from 20 years to less than two years. The quasi-static indentation testing
confirmed that low energy impact behaviour (<20J) is largely equivalent to a quasi-static event under the
tested constraints. Fabrication induced voids and their interaction with impact damage, are currently not
considered by the existing testing standards (BS EN ISO 14692), but according to this investigation may
influence the safe continued use of a GRE pipe subjected to internal pressure.
© 2020 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

Composite materials are increasingly being used in a range of
engineering applications, providing a host of benefits over tradi-
tional materials. Whereas composites were once the reserve of
sectors such as aerospace [1], it is now not uncommon to find them
in more diverse applications, including offshore oil and gas and
renewable energy. Consistent with the approach adopted in the
aerospace sector, initial applications have tended to be restricted to
those considered to be secondary/tertiary in nature [2,3]. However,
it is expected that the use of composites will to grow [4] and
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applications will soon include safety critical elements. To this end,
issues such as long-term performance, continued structural integ-
rity and serviceability become increasingly important.

At present, the understanding and research completed on the
use of composite materials has been largely dominated by the
needs of the aerospace and sports industries and research into in-
dustrial composites is less comprehensive. The aim of this research
is to contribute knowledge to industry by focusing on the damage
mechanisms and failure of glass reinforced epoxy (GRE) pipes un-
der low-velocity impact and to assess the effect of the combination
of fabrication induced defects and impact damage have on the long
term performance of GRE pipes subjected to internal pressure.

Impact is a key consideration in the use of composites and has
been widely researched [5e8]. What constitutes a low-velocity
impact is sometimes debated, with one common definition being
an impact where projectile velocity is less than 10 m/s [5,9].
However, speeds of up to 100 m/s have been reported as low-
velocity [10]. It is however, widely agreed that high-velocity im-
pacts lead to penetration of the composite and fibre fracture
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whereas low-velocity events are characterised by matrix cracking
and delamination [6,11,12]. Some research suggests that low-
velocity impact response can be equivalent to a quasi-static
three-point bend loading [10].

Several authors have conducted research into the impact
response of composite piping structures and the effect of envi-
ronmental issues on failure pressure and impact response [13e17].
However, except for research looking at design factors such as
stacking sequences and materials, few papers investigate the effect
of manufacturing defects and their effect on impact response and
damage tolerance of piping systems.

Curtis et al. [18] investigated how both quasi-static loading and
low-velocity impact affects the subsequent bursting pressure on
thin composite tubes. The tested tubes consisted of four layers of
±55� plies with a wall thickness of approximately 1 mm, total
length of 500 mm, and a diameter of 100 mm. Micro-cracking
caused by slight impacts/loads had no significant effect on the
failure strength of the tested tubing. However, loading that led to an
indentation of 50 mm caused a 60% reduction in failure pressure
that was seen in both the impacted samples and the ones that
underwent quasi-static indentation loading.

Despite the popular belief that delamination is the critical fail-
ure mode of composite components, Gning et al. [19] concluded
their research by stating that the critical failure mode of composite
pipes under external pressure is intra-layer cracking. During the
testing, delaminations at every interface were formed at impact
energies above 4 J. However, no noticeable drop in the resistance to
implosionwas measured until 9 J impacts, despite delaminations at
every interface prior to this impact energy. Therefore, the reduction
in implosion pressure was attributed to the abundant intra-layer
cracking at higher impact energies. Whilst failure under external
pressure can differ to internal pressure, Frost and Cervenka [20]
make similar conclusions. They tested filament wound (±55�) pipes
and concluded that GRE pipes fail by weepage/leakage on pres-
surisation after impact. The leakage/weepage occurs as the matrix
cracks running parallel with the fibre orientation meet de-
laminations between the layers forming a path from the internal
surface of the pipe to the external, allowing fluid to escape.

The importance of boundary condition and the operating con-
dition of the pipe during impact has been investigated. Kara et al.
[21] investigated the effect that three impact energies (5 J, 10 J and
15 J) had on glass-epoxy composite tubes. The authors compared
how composite tubes pressurised to 3.2 MPa and non-pressurised
tubes respond to low-velocity impact and how the residual prop-
erties were affected by pressurising the impacted tubes to failure. It
was observed that an 8%, 22% and 31% reduction of failure pressure
was seen in the pressurised samples when compared to a non-
impacted tube. This reduction is less than the 15%, 40% and 51%
reduction seen when the impact was conducted on non-
pressurised samples, where larger wall deflections occur with
more extensive intra- and inter-laminar cracking.

The research reviewed was mostly conducted on smaller
diameter pipes, or pipes with substantially thickerwall thicknesses,
than presented in this research. None of the reviewed articles
commented on the influence of manufacturing induced defects and
their effect on impact or pressure handling capabilities.

1.1. Shortcomings in pipe design standards

BS EN ISO 14692 [22] is a key standard currently used for the
design and construction of GRE pipes. There is very little mention of
impact in the standard, stating only that it needs to be considered if
requested, and a brief description of the corrective measures if
impact damage is discovered. No consideration is given to damage
tolerance following impact, or how impact damage may influence
the safe continued use of a GRE pipe. Both the 2002 and the 2017
versions of the standard, lay out the procedure for determining the
maximum service pressures. This is completed using a suite of
pressure testing including short term testing (omitted from the
2017 version) in the form of ASTM 1599 [23] and hydrostatic testing
following ASTM D2992 [24]. To determine the pressure rating for
the pipe it is stated that a number of hydrostatic tests need to be
completed to induce failure after set time intervals. In order to
achieve failure at the defined time intervals the internal pressure is
varied; here failure of the pipe is considered seepage/leakage rather
than fracture where separation into two or more parts occurs.
Plotting the recorded failures on a double logarithmic graph (hoop
stress vs time) produces a linear regression. This regression
gradient is generally accepted by industry to be 0.065 and this value
is provided as a default within the standard. Using this regression
gradient, it is possible to extrapolate to the 20-year threshold
pressure at 65 �C (MPR65), an example regression gradient is pre-
sented in Fig. 2. Using the value estimated for MPR65 following
ASTM D2992 testing, the pdes design pressure of the pipe is calcu-
lated by

pdes
f2 � f3

¼ MPR65 (1)

where f2 is the part factor for sustained loading conditions, speci-
fied as 0.67, and f3 is a de-rating factor to take into account non-
pressure-related loads, i.e. axial loads, which for the pipe used in
this study was 0.76.

The current paper investigates the damage mechanisms
observed in GRE pipes following a range of impacts and critically
comments on how the impact damage may influence the safe
continued use of GRE piping structures under internal pressure.
This paper links void content to a reduced life span in composite
pipes that have suffered an accidental impact event. The acceptable
void content of GRE pipe is not considered in the current revision of
the standard.

The 2002 issue of the standard included a provision for impact
testing, stating that a pipe must survive a hydrostatic test (no
leakage/weepage) following a 5 J impact; this has been removed
from the 2017 version of the standard. Observations and mea-
surements presented in the following sections suggest standard
revisions might be needed.
2. Materials

The material used in this research consisted of commercially
manufactured filament wound pipe consisting of ±55� glass fibre
reinforcement impregnated with an aromatic amine (MDA) cured
epoxy resin. This combination of materials is commonly seen in the
construction of GRE pipes due to its corrosion resistance and its
thermal, physical andmechanical properties. Fibre angles of ±55� is
commonly seen for pipes designed for pressure systems as it is the
optimumwinding angle for the 2:1 hoop to axial stress ratio that is
seen in thin walled pressure systems. Four pipes (A, B, C, D) circa
9.5 m in length were sectioned to create the 0.5 m test samples
used in this study. The four pipes had the same design, with an
internal diameter of 250mm and a total wall thickness of nominally
4 mm. The wall design of the pipes consisted of three distinct re-
gions; the internal region directly in contact with the pipe's
transported fluid, which had a nominal thickness of 0.5 mm and
was resin rich with an embedded C-glass fleece; a central rein-
forced region nominally 3.2 mm thick containing multiple layers of
±55� E-glass reinforcement; and an outer region consisting of a
resin rich top coat with a nominal thickness of 0.3 mm. However,
the four pipes dimensions did vary from this design with each



Fig. 1. Dynamic testing set up (a) projectile (b) impact test specimen (length 500 mm, internal diameter 250 mm) in V-block support with end caps fitted.

Fig. 2. Estimation of failure pressure using a regression gradient of 0.065 after a 1-h
duration where f2 and f2 are the part factor and non-pressure related load factor
respectively. The red and blue lines indicate the operating and the max pressure rating
of the pipe respectively.

Table 1
Dimensional survey of the four pipes used to create test specimens.

Pipe ID Average total
wall thickness
(mm)

Average central
reinforced region
thickness (mm)

Number of layers of
reinforcement in central
region of pipe wall

A 4.87 4.41 16
B 4.98 4.45 16
C 5.33 4.45 15
D 4.87 4.35 15
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having a thicker central reinforced region of 4.4 ± 0.05 mm; Table 1
provides an average dimensional survey conducted across three
locations of each of the four pipes.

The pipes in this study are commercially available and were
manufactured by well-established filament winding, where
bundles of continuous glass-fibre strands are separated and pass
through a resin bath and are guided onto a spinning mandrel.
The impregnated fibres drip resin as they are wound onto the
mandrel, this resin is subsequently collected and recycled back
into the system to be used on the next pass, reducing waste.
Adjusting the guide speed and/or mandrel rotation changes the
winding angle, allowing the creation of material with tailored
properties in the hoop and axial directions, but fabrication
induced defects in the form of voids and resin rich regions are
not always avoidable.

3. Testing methods

3.1. Low-velocity impact testing

Drop weight impact testing was conducted with a Rosand
impact tester V.5, referred to as the drop tower. The drop tower is
capable of dropping a set mass at defined speeds, or energies,
precisely onto test specimens located at the base of the tower. The
projectile, Fig. 1(a), had a steel 50 mm diameter hemispherical nose
and a total mass of 5.94 kg. The projectile was dropped from
varying heights to produce a range of impact energies from 5 J to
150 J with drop heights of 0.09 m and 2.57 m and impact velocities
of approximately 1.3 m/s and 7.1 m/s respectively. An energy range
of 5 Je150 J was selected as these are impact energies that could
still be considered low velocity impacts and are plausible in an
operational environment. A guide rail system guaranteed that the
impact occurred at a central location of each pipe sample, which
was sat in a V-block support inspired by ASTM G14-04 [25]. Impact
testing was completed with the endcaps designed to facilitate in-
ternal pressure testing installed, Fig.1(b), for this reason the V block
support could only support the middle 380 mm of the 500 mm
pipe. The pipes were impacted empty, and unpressurised, as pre-
vious research [21] showed this to be a more critical state during
impact (larger deflections). In addition to being more critical,
piping systems will have dry cycles throughout their time in ser-
vice, meaning mishandling or an accidental impact strike on an
unpressurised system is a credible possibility. A pneumatic anti-
rebound device caught the projectile after the initial impact to
ensure that multiple impacts did not occur during a single test. A
light gate triggered the impact testing software (Impacqt) to collect
data from a calibrated dynamic load link at a frequency of 320 kHz
for a duration of 0.1 s.

A total of 17 impact energies were tested on 59 pipe samples
manufactured from the four longer lengths of pipe, the test matrix
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is presented in Table 2. These energies were selected as they
would produce a range of damage mechanisms to varying extents
and are energies that could be realistically witnessed in service.
The force data recorded from the calibrated load link was analysed
in ‘Impacqt’, via a series of integrations, to produce the projectile
velocity, displacement, and energy. All the results presented in
this research have been run through a Butterworth notch filter
removing frequencies ranging from 1.3 kHz to 1.7 kHz to eliminate
noise effect from the collected data. These frequencies were
selected for removal by calculating the frequency of the noise in
the form of a recurring ringing, which was present, and consistent,
on the majority of the impact tests. Applying this filter to tests
where ringing did not occur had a negligible effect on the key
impact features presented in this research, with the load histories
remaining largely unchanged. This type of filtering of dynamic
events to remove noise is common practice across research and
industry.

3.2. Quasi-static indentation testing

Quasi-static testing was completed using a bench-top Instron
10 kN testing machine with a loading rate of 10 mm/min. Quasi-
static testing was conducted with the 50 mm projectile head be-
ing used as the indenter and the same boundary conditions and
pipe support as the impact testing. The purpose of the quasi-static
testing was to investigate the rate of applied strain (dynamic effect)
during the impact testing, and determine if the impact range
investigated was comparable to a quasi-static load as previously
reported [10,18].

3.3. Internal pressure testing

The pressure tests were performed using ASTM 1599-D [23] as a
guide. The time to failure requirement of 60e70 s in the standard
was not followed as it is believed that this is an unrepresentative
test for GRE pipes, as crack propagation is expected at such rapid
increases of pressure. Therefore, the pressure was increased at a
target rate of 0.5 MPa per minute, with the aim of giving failure
times of up to a few minutes.

Using the industry accepted regression gradient of 0.065 and
equation (1) it is estimated that the instantaneous (within 1 h)
failure (leakage/weepage) of the pipe samples used in this
testing would occur at an internal pressure of approximately 6.9
MPa, Fig. 2. For this reason, the pressure testing was stopped
Table 2
Testing matrix, the asterisk indicates an impact test that was subsequently pressure
tested.

Impact energy (J) Number of tests and pipe ID tested

5 A, A*
7.5 A, A*, A*, B*, D*
10 A, A*, A*, B*, D*
12.5 A, A,* A*, B*, D*
15 A*, B, B*, B*, D*
17.5 B, B*
20 B, B*
30 C, C*
40 D, D*
50 C, C*
60 D, D*
70 C, C*
80 A, B, C, D, D*
90 A, B, C, C, C*
100 A, B, C, D, D*
125 A, B, C, D
150 A, B, C, D
once an internal pressure of 7 MPa had been achieved, as it
could be assumed that the impact had no measurable influence
of the short-term pressure handling capability of the pipe if no
evidence of water was present on the external surface of the
pipe. A calibrated Druck pressure transducer, located on the
manifold at the pipe, was used to continuously monitor the
internal pressure during testing. A hydraulic pump applied the
hydraulic (water) pressure in the pipe, which was sealed by end
caps consisting of a plug, collet and flange system. The pressure
data was recorded on a Nicolet Vision XP Data Acquisition
System at a frequency of 50 Hz.

A total of 27 pressure tests, shown in Table 2, were completed in
a sheltered environment with an ambient temperature of approx-
imately 23 �C. Thewater temperature used during internal pressure
testing was consistent across all the tests at approximately 15 �C.
3.4. Microscopy

Optical and stereo microscopy was used to quantify the damage
sustained under low-velocity impact as well as capture images of
the undamaged pipe wall. Four small sections were extracted,
mounted, and polished, to allow micrographs to be taken. These
images were processed using imaging software, Image-J, to quan-
tify the void content of each of the pipes. This was completed using
particle analysis; altering the image threshold and using the soft-
ware to calculate the area of void in a known area. An average void
content was calculated for each pipe from the areas mounted and
prepared.
4. Results

4.1. Impact response

An example of the force histories and displacement graphs
recorded can be seen in Fig. 3. The repeatability during the testing
at low and high-energy was found to be good across samples
manufactured from the different pipes. The absorbed energy was
calculated from the energy-time graphs and increased with
impact energy, as did projectile displacement, Fig. 4. The results
from the impact testing are displayed graphically in Fig. 5. Whilst
scatter in the results increased as impact energy increased, it did
not influence the overall trend seen in the data. The energy
absorbed during the impact in the form of damage or displace-
ment (elastic energy) increased linearly, whilst the contact
Fig. 3. Force history of a 50 J impact. The solid line on the figure indicates the
delamination threshold limit, whilst the dashed line indicates contact time.
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duration (highlighted in Fig. 3) begins to increase linearly before
reaching a plateau after an impact energy of around 40 J, Fig. 5(d);
this trend is seen to a lesser extent in the plots for both maximum
displacement and contact force, Fig. 5(b) and (c), respectively. No
obvious variations are apparent between the four tested pipes. It
is, however, noted that Pipe A had the lowest contact force and the
highest projectile displacement at every tested energy, as seen in
Fig. 5(b) and (c).

Assuming that the initial point of damage occurs at the first
significant drop in the force history of each impact [26], as shown in
Fig. 3, the displacement at damage initiation and its equivalent
absorbed energy can be determined and are shown in Fig. 6. For all
tested impact energies, the displacement when damage initiates
stayed largely consistent, ranging from approximately 2 mm to
approximately 3.5 mm, with an average value of 2.67 mm. The
energy absorbed increases linearly up to an impact energy of 20 J at
which point, despite having a larger degree of scatter, also stays
largely constant.

The extent of damage observed in each of the impacted samples
was approximately contained within a square and was measured
using a calibrated digital caliper; due to the thinness of the pipe
wall creating a translucent structure, a light source was sufficient to
highlight regions of damage. Fig. 7 shows the extent of damage
under a 15 J, 50 J, 100 J and 150 J impact.

One sample from Pipe A showed signs of damage, a small crush
zone, at an impact energy of 5 J and all Pipe A samples showed
damage at an impact energy of 7.5 J and greater. Samples from pipes
B and D did not exhibit damage at these energies. The approximate
damage areas, dominated by inter-ply cracking (delaminations)
and, in the case of higher impact energies, by splitting on the in-
ternal and external surfaces of the pipe, are shown in Fig. 8. The
damage area increased almost linearly, with scatter increasing as
impact energy increased. Even with a large degree of scatter, there
were no obvious deviations from the overall trend in either each
individual impact or across the four pipes.
4.2. Quasi-static indentation testing

The four force displacement traces obtained during the quasi-
static indentation test can be seen in Fig. 9. Generally linear
loading can be seen from the point at which the indenter contacts
the surface of the pipe indicating little surface crushing or cracking
occurred, a section of consistent load would be expected if signif-
icant crushing occurred in the resin rich surface of the pipe [19].
Fig. 4. Energy (a) and projectile displacement (b) trace during a 10 J, 50 J, 100 J, and 150 J i
during the impact.
This loading then continues until the point of initial damage,
assumed to be the first significant drop seen in force, manifesting as
inter-ply (delamination) and severe intra-ply cracking (resin
cracking and splitting). Any variance in force in the linear loading of
the force displacement traces is assumed to be matrix cracking.

The variability seen in the measured contact forces, displace-
ments at failure, and absorbed energies across the four repeats is
relatively small with the average displacement at failure being
2.88 mm, with a range from 2.83 mm to 2.91 mm. The absorbed
energy at failure, assumed as the area under the force displacement
trace, was calculated to be 6.48 J, 6.27 J, 6.60 J, and 7.80 J for static
test 1, 2, 3, and 4, respectively.
4.3. Internal pressure testing

The hoop stress at failure for each of the pressure tests was
calculated and is presented in Fig. 10(a). The pressure tests have
been split into their corresponding pipes in Fig. 10(b), (c), and (d). A
reference line has been drawn showing what the expected trend
(though not actual values) of the pressure response would be; this
is based on previous research [13] and industry experience. A sharp
drop off in the failure pressure of the pipe is expected after a critical
impact energy, which for the pipes tested is between 7.5 J and 10 J
impact. It can be seen that Pipe A did not follow this trend, Pipe B
did conform, and Pipe D, despite a lower than expected result at
impact energy of 10 J, largely followed the expected trend.

The point of failure was taken to be the point at which water
could be seen on the external surface of the pipe (leakage/wee-
page), indicating that the media had travelled through the wall
thickness. All pipes subjected to a 5 J impact reached the 7 MPa
maximum. While impacts on pipes B and D reached the 7 MPa
limit at 7.5 J. Two samples from Pipe A impacted at 7.5 J failed,
with the highest pressure seen before failure for the two samples
being 1.21 MPa, which is below the operating pressure of 1.6 MPa.
The internal pressure testing completed on Pipe A also produced
the largest amount of scatter.

Video recordings showed the same type of failure progression,
starting with the impact damage becoming darker, due to thewater
filling the delaminations. A short time after the colour change,
water escaped through, as revealed by closer inspection following
the test, pre-existing radial cracks in the resin rich surface of the
pipe from the prior impact loading. With the exception of two tests
which resulted in formation of small, weak jets, all the failures were
considered benign and could be described as seepage.
mpact. The arrow indicates the energy absorbed by displacement, losses, and damage



Fig. 5. Impact characteristics at all tested impact energies (a) energy absorbed, (b) peak contact force, (c) max projectile displacement, and (d) contact duration.

Fig. 6. (a) Projectile displacement at damage initiation at each impact energy, and (b) absorbed energy at damage initiation, assumed as the first significant drop in force during the
impact event.
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4.4. Microscopy

The pipe supplied had a varying void content that was
quantified with images from mounted and polished sections of
each pipe wall. Multiple images were stitched together to create
one larger image of the pipe wall, Fig. 11, and processed to
determine the void content at three locations on the image. The
location of each measurement was chosen without discrimina-
tion and in approximately the same locations for each of the
pipes. The void analysis completed across the three locations
ranged from 5% to approximately 13% across the four pipes,
Table 3. The void distribution around the circumference of the
pipe was found to be largely homogeneous, with clusters of voids
discovered in resin rich volumes created by discontinuities in the
manufacturing process. Larger, elongated voids were present at
the boundaries between the layers of the laminate, with smaller
more circular voids distributed throughout each layer, Fig. 12. To
ensure the measured void content was as representative as
possible of the pipes average, ten resin burn off tests were
completed around the circumference of the pipe A; as this pipe
was found to have the highest void content using image analysis.
The burn off tests indicated that the captured images may have
been from regions of particularly high void content, as the burn
off tests determined the average void content of the pipe was
approximately 10%, rather than the 13% measured from the
stitched images. Due to the nature of void growth the void



Fig. 7. Damage sustained under impact loading, (a) 15 J (b) 50 J (c) 100 J (d) 150 J. Left image shows external surfaces and right image internal surfaces with the hoop direction in the
horizontal axis of the image.

Fig. 8. Approximate damage area measured during visual examination with calibrated
digital caliper observed after drop weight impact loading.

Fig. 9. Force displacement traces of 0.5 m long section of Pipe D loaded at 10 mm/min.
Traces show broadly linear loading, with no obvious resin crushing during the initial
stages of loading. The point of failure can be identified at an approximate displacement
of 2.8 mm.

W. Harris et al. / International Journal of Lightweight Materials and Manufacture 3 (2020) 365e375 371



Fig. 10. Pressure testing results (a) all tests, (b) Pipe A, (c) Pipe B, and (d) Pipe D. The anticipated shape of the graph and the approximate hoop stress at 1.6 MPa operating pressure is
displayed. The hoop stress (sh) is calculated from the internal pressure (P), internal diameter (D) and reinforced wall thickness (t).

Fig. 11. Stitched optical microscope images of pipe walls to allow void content estimation,�5 magnification. (left) Pipe B 5% average void content, (centre) Pipe C 9% average void
content, (right) Pipe A 13% average void content.

W. Harris et al. / International Journal of Lightweight Materials and Manufacture 3 (2020) 365e375372



Table 3
Void content of the four pipes as measured using image analysis.

Pipe ID Location 1 (%) Location 2 (%) Location 3 (%) Average void content (%)

A 12.5 14.1 11.8 12.8
B 5.4 6.1 5.1 5.5
C 10.9 9.0 7.3 9.1
D 6.0 9.7 11.9 9.2

Fig. 12. SEM image of pipe B showing eight layers of reinforcement. Longer elongated
voids are evident at layer boundaries (highlighted) with smaller circular voids
distributed through the entire laminate.

Fig. 13. Cracking present following a 40 J impact. At this impact energy extensive
delamination and ply splitting could be observed. (a) shows the extremity of the
impact damage showing a pine tree damage pattern (impacted surface located at the
bottom of the figure) and (b) showing a central location of the impact.
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content, despite being considered largely homogeneous, will be
location specific and will likely fluctuate across all the tested
samples.
5. Discussion

The ultimate aim of this work is to increase understanding of the
factors influencing damage tolerance of GRE pipework following an
impact event. It is clear from this detailed experimental study that
impact damage can greatly reduce the pressure handling capability
of GRE pipe, especially in the presence of fabrication induced voids.
The impact data demonstrated good repeatability across all
impacted samples, the key impact characteristics, in the form of
damage area, failure modes and energy absorbed all showed good
agreement across the sample range, despite the small discrepancies
in their wall construction, Table 1.

In all cases, as impact energy increased, delaminations became
apparent propagating outwards (from the point of impact) in an
hourglass shape, Fig. 7. Splitting on the inside of the pipe was not
consistent across the tested samples, as this is affected by the
thickness variation of the resin rich layer, but could be seen at
impact energies as low as 15 J. At impacts over 100 J it became
apparent that fibre damage was occurring as broken fibres became
evident on the inside of the pipe. Radial cracks emanated from the
point of impact, identifiable as a light-coloured spot in the external
resin rich layer. This radial cracking in the resin rich layer pro-
gressed to surface splitting at higher energies. Damage initiation
was not consistent across the four pipes, with Pipe A showing
damage at lower impact energies than the other tested pipes. Fig.13
shows the damage present through the thickness of the pipe wall
following a 40 J impact. Damage through thickness was found to be
in a pine tree pattern with the delaminations increasing in size
away from the point of impact. Ply splitting was evident throughout
the laminate thickness propagating at 45� due to the shear stresses
present during impact.

The quasi-static testing suggested that the dynamic effect does
not play a large role on the response of the pipe at impact energies
lower than 20 J. The average displacement at damage initiation of
2.88 mm is directly comparable to the 2.67 mm average seen across
all the impact tests of less than 20 J. The same can be said for the
energy absorbed to initiate damage; the quasi-static results are
directly comparable to the impact energies up to about 20 J. After
this point the energy required to initiate damage is non-linearly
increased, Fig. 6(b), implying that the rate of applied strain is
playing a role in the impact response. This is comparable with
previous research into flat plates [27], but confirmed here for cir-
cular pipes with an internal diameter of 250 mm.

The operating pressure of the pipes used during this research
was 1.6 MPa. All impact energies, except 5 J, caused at least one
sample from Pipe A to fail below its operating pressure. Pipe B
exceeded the operating pressure of 1.6 MPa on all impacts up to an
energy of 17.5 J, and Pipe D despite a low-pressure failure at 10 J
(below 7 MPa), exceeded a 1.6 MPa internal pressure following an
impact of 15 J. None of the tested pipes exceeded their operating
pressure following an impact in excess of 20 J. This variance in
damage tolerance was despite all pipes having a comparable
damage area at these impact energies. A consistent trend of any
damage mechanism on the residual failure pressure could not be
identified, i.e. splitting on the internal surface, void content and
other manufacturing induced imperfections.

Pipe A, whilst showing the largest reduction in failure pres-
sure, also had the largest void content, nearly a factor of two
greater than the other three pipes. It is believed that this reduc-
tion in failure pressure is due to the impact damage, primarily



Fig. 15. Reduction in failure time at the max pressure rating of the pipe following
impact.

Table 4
Estimated time to failure of all pipes exceeding the operating pressure of the system
following impact loading.

Pipe ID Impact
energy (J)

Pressure at
failure (MPa)

Hoop stress
at failure
(MPa)

Estimated time
to failure
(hours (days))

B 10 5.917 169.17 17127.59 (713.6)
B 12.5 2.639 75.44 0.07 (0)
D 12.5 3.052 89.23 0.65 (0)
B 15 2.990 85.49 0.47 (0)
D 15 4.930 144.14 1034.32 (43.1)
B 15 4.218 120.60 93.78 (3.9)
B 20 2.315 66.20 0.01 (0)
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intra-ply cracking, interacting with the voids and creating a leak
path through the pipe wall. The presence of these voids could be
attributed to a number of reasons. For instance, the practice of
recycling resin during the manufacturing process introducing
aerated resin into the systems, and the growth of voids during the
curing process. Void growth during curing cycles is regularly
observed across a number of composite manufacturing processes.
Pipe A also showed the lowest contact forces and the highest
displacements during the impact testing, suggesting that Pipe A
was not as stiff as the other pipes despite the dimensional survey
showing comparable dimensions. BS EN ISO 14692 does not pro-
vide comment on the acceptable void content of GRE pipe, which
could be considered an omission where pipes are being used in
environments where there is an increased risk of an impact event.
Fig. 14(a) shows a non-impacted pressure tested section of pipe;
vertical cracks, initiated during the expansion of the pipe during
the test are present throughout the thickness of the pipe wall. The
vertical cracking is most prevalent in the presence of voids and
were found across the entirety of the inspected sample. Fig. 14(b)
shows a vertical crack in the presence of impact damage likely
initiated during the pressure testing of the pipe following a 7.5 J
impact.

The design of GRE pipe used in this study uses the hydrostatic
pressure regression gradient to specify the 1.6 MPa operating
pressure to achieve a 20 year design life [22,24], Fig. 2. Other than at
5 J impacts, all tested impact energies experienced at least one
failure below the anticipated instantaneous failure pressure of 7
MPa. Therefore, it can be deduced that all of the tested pipe sam-
ples, including the samples from the high void content pipe, would
have likely passed the impact requirement laid out in the 2002
edition of the industry standard. However, despite a number of the
tests surpassing the pipe's operating pressure, it is possible that the
impact damage and its interaction with void content could have
reduced the expected life of the pipe. If it is assumed that the same
regression gradient, part factor and load factor apply after the
initiation of impact damage, new design lives can be estimated by
plotting the regression back from the instantaneous failure pres-
sure, Fig. 15.

After an impact of 10 J Pipe B showed the smallest reduction
in failure pressure, failing at 5.9 MPa. If the above assumptions
are followed, it can be estimated that its life would reduce from
20 years to less than two years if the operating pressure
remained at 1.6 MPa. The operating pressure would have to be
reduced by over 15% to approximately 1.35 MPa to achieve a 20-
year predicted life under the same assumptions. Following this
line of thinking, the next best performing Pipes, D and B tested at
15 J, lead to new design lives of less than 2 months and 4 days,
respectively. It can be estimated that all other tests that failed
Fig. 14. (a) A non-impacted pipe following pressure test ply splitting is evident through pr
vertical. (b) section of pipe impacted at 7.5 J and subsequently pressure tested. A vertical c
pressure testing, ply splitting at 45� is also evident created via shear stresses during impac
above the operating pressure would have experienced failure
within one day, Table 4. It should be noted that these estimates
do not necessarily reflect in-service experience, suggesting that
the use of initial-to-long term extrapolation may be unreliable.
The current edition of the BS EN ISO 14692 standard requires a
suite of survival testing for extrapolation to a 20-year life.
However, following the impact energies tested during this
investigation, with the exception of the pipes impacted at 5 J,
only two of the impacted samples could withstand the required
pressure (circa 4.5 MPa) to undertake the survival testing. There
are uncertainties and assumptions that need to be further
examined in order to gain confidence when long term perfor-
mance predictions are made.
e-existing voids, the cracks created during pressure testing can be considered largely
rack (highlighted by the white arrow) through a region of voids likely initiated during
t.
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6. Concluding remarks

This paper presents the results from an experimental study to
examine the effect that drop weight impact testing has on the in-
ternal pressure capability of GRE pipes with a winding pattern of
±55�. A number of conclusions can be drawn from the present re-
sults. Firstly, GRE pipes are susceptible to impact damage; impacts
at energies above 5 J showed a reduction in failure pressure in at
least one of the tested samples in this study. All test samples
showed a reduction in failure pressures at impact energies over 10 J,
or once damage could be visually detected. After an impact of 20 J
none of the tested pipe samples were able to hold the designed
operating pressure of 1.6 MPa that introduces a hoop stress of
approximately 50 MPa, at which point water leakagewas observed.

Using the regression gradient method, assuming the regression
gradient remains the same after an impact event, it can be pre-
dicted that despite the fact that pipe samples impacted at 15 J can
exceed the operating pressure without leakage, their life could be
reduced by over 90% to approximately two years. However, despite
this, it is likely that all tested pipes met the requirements laid out in
both the 2002 and 2017 editions of BS EN ISO 14692. The damage
area was found to be insufficient to determine the effect that
impact has had on the internal pressure loading capabilities of a
GRE pipe and, therefore, inspection and damage tolerance consid-
erations need to be considered alongwith other influencing factors.

It was found that an increased void content, whilst not neces-
sarily affecting the impact damage area or damage mechanisms, it
did influence the damage tolerance of GRE pipe following impact
loading, causing a noticeable reduction in the maximum pressure
during short term pressure testing, and having a detrimental effect
on through life predictions. Where GRE pipe is to be used in loca-
tions where there is an inherent impact risk, consideration should
be given to the void content of the pipe, this is currently not
considered in the current issue of BS EN ISO 14692.
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